The lateral habenula (LHb) is an epithalamic brain region implicated in aversive processing via negative modulation of midbrain dopamine (DA) and serotonin (5-HT) systems. Given the role of the LHb in inhibiting DA and 5-HT systems, it is thought to be involved in various psychiatric pathologies, including drug addiction. In support, it has been shown that LHb plays a critical role in cocaine-and ethanol-related behaviors, most likely by mediating drug-induced aversive conditioning. In our previous work, we showed that LHb lesions increased voluntary ethanol consumption and operant ethanol self-administration and blocked yohimbine-induced reinstatement of ethanol self-administration. LHb lesions also attenuated ethanol-induced conditioned taste aversion suggesting that a mechanism for the increased intake of ethanol may be reduced aversion learning. However, whether afferents to the LHb are required for mediating effects of the LHb on these behaviors remained to be investigated. Our present results show that lesioning the fiber bundle carrying afferent inputs to the LHb, the stria medullaris (SM), increases voluntary ethanol consumption, suggesting that afferent structures projecting to the LHb are important for mediating ethanol-directed behaviors. We then chose two afferent structures as the focus of our investigation. We specifically studied the role of the inputs from the lateral hypothalamus (LH) and ventral pallidum (VP) to the LHb in ethanol-directed behaviors. Our results show that the LH-LHb projection is necessary for regulating voluntary ethanol consumption. These results are an important first step towards understanding the functional role of afferents to LHb with regard to ethanol consumption.
Introduction
The lateral habenula (LHb) is an epithalamic brain structure that plays an important role in aversion-driven learning and behavior [1] . Neurons within the LHb show increased and decreased firing in response to aversive and rewarding stimuli, respectively [2, 3] . The LHb modulates consumption of ethanol and cocaine, as well as druginduced aversive conditioning [4] [5] [6] . LHb lesions increase voluntary ethanol consumption in an intermittent-ethanol access (IEA) paradigm and reduce ethanol-induced conditioned taste aversion (CTA) [4] . Further, increased firing in LHb neurons is important for expression of ethanol-induced CTA [7] . LHb lesions also block yohimbine-induced reinstatement of cocaine-and ethanol-seeking, suggesting that LHb modulates stress-induced drug-seeking [4, 8] . While these experiments demonstrate a role for the LHb in mediating drug-related behaviors, whether afferent input to the LHb is also required has not been established.
The LHb receives major afferents from limbic forebrain, basal ganglia and cortical structures through the stria medullaris (SM) [9, 10] . While there are several candidate structures that may provide relevant inputs to the LHb for ethanol-directed behaviors, including orbitofrontal cortex [11] , ventral tegmental area [12] , entopeduncular nucleus [13] , we chose to focus on the lateral hypothalamus (LH) and ventral pallidum (VP) [9, 14, 15] . Inputs from these brain regions to the LHb are candidate pathways mediating ethanol-directed behaviors, as both the LH and VP have been implicated in regulating appetitive and consummatory behaviors. The LH regulates many reward-related behaviors [16, 17] , including ethanol consumption [18] [19] [20] . For example, administration of D1 agonists and D2 antagonists into the LH increases ethanol intake, whereas administration of D1 antagonists, D2 agonists, or opioid agonists into LH reduces ethanol intake [18, 19] . Further, recent evidence shows that optogenetic inhibition of the LHLHb produces real-time preference and acutely increases consumption of a palatable liquid [21] . Similarly, the VP regulates ethanol con-sumption and ethanol-seeking [22] [23] [24] and is crucial for ethanol reinforcement [25] and reinstatement of drug-seeking [26, 27] . Opioid signaling in the VP has been implicated in these effects, as mu opioid receptor signaling in the VP decreases ethanol intake [24] . Together this evidence suggests that LH-LHb and VP-LHb pathways may regulate ethanol-directed behaviors.
In the present study, we first sought to determine whether afferents to the LHb are required for ethanol-directed behaviors, and then to understand the specific role of afferents from the LH and the VP to the LHb in these behaviors. We first lesioned the SM, interrupting the major source of afferents to the LHb, and examined voluntary ethanol consumption using the IEA paradigm. Bilateral SM lesion resulted in significantly higher ethanol intake during IEA compared to that measured in control rats. To begin identifying the specific afferent brain regions mediating this effect, we next studied the role of LH and VP afferents to the LHb in ethanol-directed behaviors. In separate experiments, we used a disconnection procedure to interrupt communication between these afferent structures and the LHb and investigated voluntary ethanol consumption, operant ethanol self-administration, and yohimbine-induced reinstatement of ethanol self-administration. We also investigated alterations in CTA and taste preference as possible mechanisms underlying the increase in ethanol consumption as we did in Haack, Sheth et al., 2014 [4] . Our results suggest that the LH-LHb projection plays a significant role in regulating voluntary ethanol consumption, whereas the VP-LHb projection does not.
Materials and methods

General methods
We conducted four distinct experiments to evaluate the role of afferent input to the LHb in regulating ethanol-directed behaviors.
In Experiment 1, we sought to determine if afferents to the LHb played any role in regulating ethanol intake. In this experiment, we bilaterally lesioned the SM and studied the effects of this lesion on voluntary ethanol intake, compared to animals receiving sham lesions.
In Experiment 2, we performed a preliminary anatomical study to ensure that a disconnection strategy [28] [29] [30] [31] could effectively be used to interrupt communication between afferent structures and the LHb. This strategy is predicated on predominantly ipsilateral connectivity between afferent regions and the target structure. We thus used retrograde tracing to directly investigate the distribution of ipsilateral vs. contralateral projections from the LH and the VP to the LHb and to target LH and VP lesions to regions that showed maximum retrograde labeling after CTb was injected into the LHb. Further, we examined cFos activation in the LH and VP after exposure to the adrenergic system stressor, yohimbine and also quantified LH and VP neurons that expressed c-Fos and projected to the LHb. This was done in order to identify neurons that might contribute to yohimbine-induced reinstatement examined in experiments 3 and 4.
In Experiments 3 and 4, we sought to characterize the role of two major afferent inputs to the LHb -the LH (Experiment 3) and the VP (Experiment 4) -in ethanol-directed behaviors. In each of these experiments, we used a functional disconnection strategy to interrupt communication between these structures and the LHb, comparing the effects of ipsilateral vs. contralateral lesions of these structures (see experimental details below) on voluntary ethanol intake, operant ethanol self-administration, and yohimbine-induced reinstatement in control and functionally disconnected groups. Further, we investigated the effect of LH-LHb disconnection on ethanol-induced CTA and taste preference.
Subjects
Adult male Long-Evans rats were used as subjects in all experiments (400-450 g at receipt, Charles-River, Wilmington, MA). Experiments were approved by the University of Utah Animal Care and Use Committee and carried out in accordance with the Guide for the Care and Use of Laboratory Animals (8th Edition). A total of 89 rats were used in these studies.
A total of 22 rats (9 sham-and 13 SM-lesioned) were used in Experiment 1. All of these rats were used in measuring voluntary intake during IEA.
A total of 6 rats were used in anatomical and c-Fos studies conducted in Experiment 2.
A total of 32 rats (16 with unilateral ipsilateral lesions of the LH and LHb and 16 with unilateral contralateral lesions of these structures) were used in Experiment 3. Five ipsi-and 4 contralaterally-lesioned rats had to be eliminated due to misplacement of the LH or LHb lesion, resulting in a sample size of 11 ipsi-and 12 contralaterally-lesioned rats for final analysis in the IEA paradigm, taste preference, operant ethanol self-administration, extinction and yohimbine-induced reinstatement of ethanol self-administration experiments. For the CTA experiment, one contralaterally-lesioned rat had to be eliminated from CTA analysis due to profound neophobia to the saccharin solution, resulting in a final sample size of 11 ipsi-and 11 contralaterally-lesioned rats in the CTA paradigm.
A total of 29 rats (14 with unilateral ipsilateral lesions of the VP and LHb and 15 with unilateral contralateral lesions of these structures) were used in Experiment 4. Four ipsi-and four contralaterally-lesioned rats were excluded from analysis due to poor health or misplacement of the lesion, resulting in a final sample size of 10 ipsi-and 11 contralaterally-lesioned rats in the IEA paradigm, taste preference, operant ethanol self-administration and extinction of ethanol selfadministration experiments. One ipsi-and one contralaterally-lesioned rat did not reach the extinction criterion and hence were not tested for yohimbine-induced reinstatement, resulting in a final group size of nine ipsi-and 10 contralaterally-lesioned rats in the reinstatement analysis.
Rats were single-housed in Plexiglas tub cages and maintained on a 12-h (h) light/dark cycle. Ad libitum access to food and water was available throughout all experimental procedures. All procedures occurred during the light cycle, with lights on at 6 AM.
Drugs
Ethanol (Decon Labs, King of Prussia, PA) was prepared in filtered tap water (20% v/v) for the IEA paradigm and in physiological saline for the CTA paradigm. Saccharin and quinine solutions used in the taste preference experiments were prepared in distilled water. Yohimbine used in reinstatement and c-Fos activation experiments was prepared in distilled water. Ibotenic acid (10 μg/μl) used for excitotoxic lesions was prepared in physiological saline. All drugs were purchased from SigmaAldrich (St. Louis, MO).
Characterization of anatomical inputs from the VP and LH to the LHb
The disconnection paradigm used to study afferent input to the LHb requires a predominance of ipsilateral afferent input (see details in Section 2.5 below) [28] [29] [30] [31] [32] . To confirm the ipsilateral predominance of the LH-LHb and VP-LHb pathways, and to determine the location of the inputs within each structure for precise lesion targeting, we studied LH and VP projections to the LHb using the retrograde tracer, cholera-toxin b (CTb). Further, double immunoprocessing for c-Fos and CTb following yohimbine injection was conducted to identify neurons that are recruited by yohimbine that may be important for ethanol reinstatement produced by yohimbine.
Surgery was conducted with the rats under isoflurane anesthesia (5% induction, 2% maintenance). Neo-Predef (a topical anesthetic), buprenorphine (0.06 mg/kg, intraperitoneal, IP), and penicillin (3 × 108 units/kg, intramuscular [IM] ) were also administered to provide analgesia and prevent infection. Rats were placed in a flatskull position in a stereotaxic apparatus, the skull exposed, and burr holes drilled above the target regions.
CTb (40 nl, 1% concentration, List Biological Laboratories) was injected unilaterally into the LHb (coordinates: −3.6 AP, −5.1 DV, 0.7 ML mm from bregma) during stereotaxic surgery (see [33] ), and the animals allowed one week to recover before examining the effects of yohimbine on the induction of c-Fos. Animals were then injected with vehicle or yohimbine (2.5 mg/kg, IP) and returned to their homecages for 2.5 h to correspond with the timing of maximal c-Fos activation that would be seen during the reinstatement test used in experiment 3 and 4. Animals were then deeply anesthetized using sodium pentobarbital (140 mg/kg), and transcardially perfused with saline, followed by 4% paraformaldehyde. The brains were then removed, cyroprotected in 20% sucrose and sectioned on a cryostat (40 μm) before being immunostained for both CTb and c-Fos [33, 34] .
Briefly sections were rinsed in 50% ethanol, 3% hydrogen peroxide, and 5% normal horse serum (NHS) in phosphate buffer (PB, 0.1 M, pH = 7.4). Sections were then incubated at room temperature in rabbit anti-c-Fos (1:1000, Santa Cruz Biotechnology) and goat anti-CTb (1:10 000, List Biologicals), followed by biotinylated donkey anti-rabbit immunoglobulin (1:1000, Jackson ImmunoResearch Laboratories), all in 2% NHS and 0.2% triton X-10 in PB for 24 h. To reveal c-Fos black reaction product, a nickel intensified diaminobenzidine (DAB) reaction was carried out following incubation in avidin-biotin complex reagent (1:170, Vectastain Elite, 2 h, Vector Laboratories, USA). Specifically, sections were incubated in a solution containing 0.5% DAB, 0.04% nickel sulfate, 0.2% ammonium chloride and 0.2% D-glucose (pH: 6.0), which was catalyzed by glucose oxidase (735 units/ml, 10 min). To reveal a brown reaction product for CTb, sections were then incubated in biotinylated donkey anti-goat immunoglobulin (1:1000, Jackson ImmunoResearch Laboratories), and the DAB reaction was repeated without nickel intensification.
Sections were mounted on gelatin-coated slides, cleared in xylene and coverslipped before quantifying c-Fos and CTb using a lightmicroscope (Leica, DFC300FX). Counts were made of the LH and VP ipsilateral to the CTb injection site, according to boundaries defined in a rat brain atlas (Paxinos & Watson, 2006) . Total counts of CTb-positive cell bodies in each afferent structure were averaged across three sections for each animal (for LH: between −1.92 and −2.40 mm, and for VP: between 0.36 and −0.24 mm from bregma), and then averaged for each group. CTb labeling was depicted on brain atlas templates for all 6 animals [35] , where each CTb-labeled neuron was represented as a brown dot (Fig. 1). 
Stereotaxic lesions
Lesions of all brain structures were performed with rats under isoflurane anesthesia (5% induction, 2% maintenance). Analgesia and procedures to prevent infection were as described above.
For LH-LHb and VP-LHb disconnection studies, unilateral lesions of each brain structure were made, with lesions of distinct brain structures made either ipsi-(control) or contralateral to each other (functional disconnection). Ipsilateral lesions of the afferent structure (LH or VP) and LHb preserves functional communication of these structures in the unlesioned hemisphere. Experiment 2 confirmed a predominance of ipsilateral input to the LHb in both the LH-LHb and VP-LHb pathways [9, 14] . Thus, contralateral lesions of the afferent structure (LH or VP) and the LHb interrupt functional communication between these brain regions.
Electrolytic lesions were used to interrupt the SM and ablate the LHb (as previously performed recently by us and others [4, 7, [36] [37] [38] [39] ). For SM lesions, bilateral electrolytic lesions were produced by passing current (0.5 mA, 20 s) through a stainless steel electrode (AM Systems, Sequim, WA) at the following coordinates: AP: −1.8 mm, ML: ± 0.9 mm, DV: −5.5 mm relative to bregma [35] . For sham lesions, electrodes were lowered 1 mm dorsal to the coordinates, but no current was passed. Electrolytic lesions of the LHb were produced by passing current (0.5 mA, 20 s) through a stainless steel electrode (AM Systems, Sequim, WA) at the following coordinates: AP: −3.7 mm, ML: 0.7 mm and DV: −5.6 mm [35] .
Excitotoxic lesions were used to ablate the LH and VP while sparing fibers of passage. LH and VP lesions were produced by infusing ibotenic acid (0.6 μl of 10 μg/μl) through a 31-gauge injector connected to polyethylene tubing (PE50) connected to a 1-μl glass Hamilton syringe (Reno, NV) on a micro-infusion pump (Harvard Apparatus 2000, Holliston, MA). For each infusion, a volume of 0.6 μl was injected over 4 min, and the injector was left in place for an additional 2 min to allow diffusion of the drug. LH coordinates were: AP: −2.2 mm, ML: 1.7 mm, DV: −9.1 mm. VP coordinates were: AP: 0.0 mm, ML: 1.8 mm, DV: −8.4 mm, relative to bregma [35] . The hemisphere lesioned was counterbalanced across rats. Chlorodiazepoxide (0.5 ml of 10 mg/ml, IP) was injected after excitotoxic lesions to prevent seizure activity.
Intermittent ethanol access (IEA) and taste preference
Voluntary ethanol consumption was monitored for 8 weeks using a two-bottle choice IEA paradigm for experiments 1, 3 and 4. In this paradigm, a single bottle containing 20% v/v ethanol was made available in the home cage on alternate weekdays (Monday, Wednesday, and Friday) [4] . Filtered tap water was always available in a separate bottle in the home cage.
Rats were exposed to the IEA paradigm for two months, over a total of 24 drinking sessions. Total ethanol and water consumed, as well as ethanol preference relative to water [ethanol intake/total fluid intake (water +ethanol intake)] was calculated for each ethanol drinking session. Ethanol intake and ethanol preference were averaged for each week. Food was available ad lib and food intake was monitored weekly for all rats. Rats were weighed weekly.
Given that an increase in preference for ethanol could result from alterations in taste sensitivity [40] , we examined taste preference following IEA. Here, water intake was compared to that of saccharin and quinine. Quinine intake was measured first (6 consecutive daily sessions) followed by saccharin intake (a further 6 sessions). Each session consisted of a 48-h period in which two bottles were provided in the home-cage. One bottle contained distilled water, and the second bottle contained either quinine or a saccharin solution. Tastant Consumption was recorded at 24-h intervals, and the bottle position was switched at this time to minimize side preferences. Quinine and saccharin preference for each concentration (i.e. each 48-h period) was calculated by averaging the intake for the two 24-h periods and then dividing by the average total fluid intake.
Operant responding for ethanol
Operant responding for ethanol was investigated in LH-LHb (Experiment 3) and VP-LHb (Experiment 4) ipsi-and contralaterallylesioned rats following the IEA procedure. Training occurred in eight standard Med Associates chambers (St. Albans, VT). In training sessions, responding on the active lever resulted in retraction of the lever, extinguishing of the cue light, activation of the syringe pump, and delivery of ethanol in the receptacle. Initially, only an active lever was present during training and every lever response was reinforced with 0.1 ml of 20% ethanol (FR-1 schedule). After an initial overnight session, rats were trained daily for 60 min each session until they responded at stable levels (less than 20% variability across two sessions). All rats reached this criterion within 4 sessions. Then, the reinforcement schedule was set at FR-3 (i.e. every third lever press was reinforced). After stable responding on this paradigm was attained, the inactive lever was introduced. Responses on this lever were recorded, but had no programmed consequences. All rats were trained on this final paradigm for 11 sessions. The final measure of operant responding for ethanol was taken as the average number of active lever presses across the last three sessions. We confirmed that all ethanol was consumed by dabbing a paper towel in the magazine after each operant session. For all rats, all of the ethanol was always consumed.
Extinction and reinstatement of ethanol self-administration
After operant training, extinction of operant responding for ethanol was examined in LH-LHb (Experiment 3) and VP-LHb (Experiment 4) ipsi-and contralaterally-lesioned rats. Extinction sessions were identical to training sessions except that the syringe containing the ethanol was removed from the syringe pump. Thus, responding on the active lever resulted in retraction of the lever, extinguishing of the cue light, and activation of the syringe pump, but no ethanol delivery. Extinction sessions were conducted daily. Once responding was reduced to a total of 15 or fewer active lever presses for three consecutive sessions, the rats were tested for yohimbine-induced reinstatement. In Experiment 3, LH-LHb ipsilaterally-lesioned rats reached the extinction criterion after 7.4 ± 0.1 sessions and LH-LHb contralaterally-lesioned rats reached the criterion after 7.5 ± 0.1 sessions (p > 0.05, no significant difference). In Experiment 4, all rats reached the extinction criterion by 7 extinction sessions.
Yohimbine (2 mg/kg) or vehicle solution was administered (IP) 30 min prior to testing responding in extinction (90-min test session [8] ). To minimize variability in response rates, 4 reinstatement sessions were conducted in each animal (two after yohimbine injection and two after vehicle injection), in counter-balanced order across rats. Each test session was separated by an extinction session to ensure extinction of operant responding. For each rat, responses were then averaged across each of the two tests.
Ethanol-induced conditioned taste aversion (CTA)
As increase in preference for ethanol could also result from differences in learning about the aversive consequences of ethanol consumption, we also examined CTA [4, 41, 42] . LH-LHb ipsi-and contralaterally-lesioned rats were tested in a CTA paradigm (Experiment 3) [43] . Rats were initially water deprived for 24 h, and then received 20 min access to tap water in their home-cage for three days (days 1-3). On day 4, rats were given access to saccharin (0.125% in tap water) for 20 min in their home cages, and consumption of that saccharin was measured. Rats were then divided into four groups balanced for baseline saccharin consumption: ipsilateral lesion-vehicle injection (n = 5), ipsilateral lesion-ethanol (n = 6), contralateral lesion-vehicle (n = 7) and contralateral lesion-ethanol (n = 5). Rats then received a single injection of either 1.5 g/kg body weight of 20% v/v ethanol (IP) or an equivalent volume of vehicle saline solution after access to saccharin. On the two days following injection (days 5-6), rats received 20-min access to tap water in their home cages. This three-day cycle (saccharin access followed immediately by injection, followed by two days of water access not paired with injection) was repeated three times (i.e. three conditioning trials). Then, CTA was extinguished by exposing the rats to the same cycle but saccharin access was no longer paired with an injection. This three-day cycle continued until saccharin consumption returned to pre-CTA levels.
Verification of lesions
Lesion sites were verified after testing. Rats were deeply anesthetized with sodium pentobarbital (140 mg/kg) and transcardially perfused with saline, followed by 4% paraformaldehyde. The brains were removed, cryoprotected and then cut on a freezing microtome (45-μm thickness). For electrolytic lesions of SM, free-floating sections were examined under a microscope. For lesions of LHb and LH or VP, brain sections were immuno-stained for neuronal nuclei (NeuN) based on a previously published protocol [44] . Lesions were verified using a light microscope, and plotted on templates modified from a rat brain atlas [35] .
Statistical analyses
Voluntary ethanol consumption, ethanol preference, water intake and total fluid intake during IEA were analyzed using 2-way repeatedmeasures (RM) analysis of variance (ANOVA) with lesion condition (sham/lesioned for SM experiments, and ipsi/contra lesion placement in LH-LHb and VP-LHb experiments) and time as the two factors. Taste preference, extinction of ethanol-self-administration and yohimbineinduced reinstatement were also analyzed using 2-way RM ANOVA with lesion condition as one factor and tastant concentration, extinction session or drug (vehicle or yohimbine) as the second factor. CTA results were analyzed using 3-way RM ANOVA with lesion condition and drug as between factors, and trial as within factor. Differences between groups for the average of the last three operant training sessions were analyzed using t-tests. Finally, the c-Fos and CTb counts were analyzed using 2-way RM ANOVA with region (LH or VP) and injection (yohimbine or vehicle) as the two factors. All significant interactions were further examined using simple effect analysis. We corrected for multiple comparisons by employing the False Discovery Rate method [45] . JMP Pro 11 (SAS Institute Inc., Cary, NC) and Prism 7 (Graphpad Software, La Jolla, CA) were the statistical softwares used for analyses. Analyses were considered significant for p < 0.05. Data are shown as mean ± S.E.M. Fig. 1 shows representative CTb injection sites and CTb retrograde labelling ( Fig. 1A and B) , as well as CTb injection sites in LHb and retrograde labelling mapped for each animal for LH and VP (Fig. 1C-E) . CTb retrograde labeling was most dense in the anterior, rather than posterior, portions of the LH and in the medial rather than lateral portion of the VP (Fig. 1) . Given that we did not stain for substance P [46] [47] [48] , we cannot specifically determine whether CTb was located in the VP or medially adjacent structures such as lateral preoptic area, substantia innominata or stria terminalis. In any case, double labelling of CTb neurons within this basal forebrain region were low so further inquiry as to the exact location of CTb was not conducted (Fig. 1E for approx. location of CTb determined by using major landmarks and stereotaxic atlas). While few VP or LH inputs to the LHb showed c-Fos activation by yohimbine administration, yohimbine-induced c-Fos was present in both the LH and the VP ( Table 1 ). The number of c-Fospositive cells was greater following yohimbine versus control treatment (F (1,4) = 11.90, p = 0.03) and for the LH versus VP (F(1,4) = 102.01, p < 0.01). Importantly, there was also a treatment by region interaction (F(1,4) = 27.04, p = 0.01). Post-hoc analysis revealed that there was greater number of c-Fos-positive cells following yohimbine treat- Analysis of double-labeled neurons confirmed that there were no differences between treatment groups and regions and no interaction (F(1,4) < 0.50, p > 0.52 for all contrasts), indicating that neither LH nor VP afferents to the LHb were activated by yohimbine injection and thus suggesting that these inputs to the LHb are not important for yohimbine induced-reinstatement (see below).
Results
CTb retrograde labeling and c-Fos double labeling after yohimbine exposure
Verification of lesions
SM lesions for experiment 1 are shown in Fig. 2 . Specifically, the extent of holes to the tissue is shown for each animal. It is likely that cell loss was larger than the indicated region extending ventrally into the thalamus, but this could not be confirmed without Nissl staining.
LHb, VP, and LH lesions in rats used in Experiments 3 and 4 are shown in Fig. 3 (grey outlines) . It can be seen that LH lesions ablated the anterior rather than posterior portion of the LH, and the VP lesions targeted the medial rather than the lateral part of the central VP (preserving both the anterior and posterior poles); consistent with the regions of maximal CTb labeling for these structures (Fig. 1) . While the lesion sites were largely confined to the LH, rarely extending into zona incerta, the VP lesions sometimes included the lateral portion of ventral preoptic area, the substantia innominata and nucleus of diagonal band.
Effects of SM lesion on intermittent ethanol access (Experiment 1)
Ethanol intake progressively increased across eight weeks of IEA in both sham-and SM-lesioned rats ( Fig. 4a ; significant main effect of week, F(2.6,51.3) = 27.9, p < 0.0001). However, the SM-lesioned rats escalated their ethanol intake faster than sham-lesioned rats, and reached higher levels of ethanol intake at the end of 8 weeks ( Fig. 4a ; significant interaction of lesion condition and week, F(2.6,51.3) = 3.3, p < 0.05). Simple effect analysis showed that SM-lesioned rats drank more ethanol during weeks 5 and through 8 (p < 0.05 for all comparisons). There was also a significant ethanol preference (vs. water) for the SM-versus sham-lesioned group ( Fig. 4b ; significant main effect of week, F(3.2,65) = 33.8, p < 0.0001, significant interaction of lesion condition and week, F(3.2,65) = 3.4, p < 0.05). Simple effect analysis showed that SM-lesioned rats had a higher preference for ethanol at week 7 (p < 0.01 at week 7). Total fluid intake (ethanol plus water) was not statistically different between sham-and SM-lesioned groups, (Fig. 4c ; no significant main effect of lesion condition, F(1,20) = 0.4, p = 0.54; no significant interaction of 3 . LHb, LH and VP lesion placements (A) Photomicrographs of representative sham (top row) and lesions (bottom row) for LHb (left panels), LH (middle panels) and VP (right panels). Note the considerably reduced NeuN staining within the boundaries of the LHb, LH and VP lesions (indicated by red arrows). (B) Lesion placements centered on LHb for the contralaterally-lesioned group in the LH-LHb disconnection study (left panels). Lesion placements in LH for contra-and ipsilaterally-lesioned groups for the LH-LHb study (n = 12 and 11 for contra and ipsi groups respectively; middle panels). Lesion placements in VP for contra-and ipsilaterally-lesioned groups for the VP-LHb study (n = 11 and 10 for contra and ipsi groups respectively; right panels). For all panels numbers show distance from bregma, and scale bars at 1 mm. (ac: anterior commissure, f: fornix, fr: fasciculus retroflexus, ic: internal capsule, LH: lateral hypothalamus, LHb: lateral habenula, opt: optic tract, VP: ventral pallidum, 3 V: 3rd ventricle). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Effects of LH-LHb disconnection on intermittent ethanol access (Experiment 3)
Ethanol intake increased progressively for rats with ipsilateral and contralateral LH-LHb lesions ( Fig. 5a ; significant main effect of week, F (1.8,37.9) = 11.7, p < 0.0005). However, contralaterally-lesioned rats consumed significantly more ethanol than ipsilaterally-lesioned rats overall ( Fig. 5a ; significant interaction of lesion condition and week, F(1.8,37.9) = 3.8, p < 0.05. Simple effect analysis revealed significance from week 5 through week 8, p < 0.05 for weeks 5-7 and p < 0.005 for week 8). Contralaterally-lesioned rats also had a higher ethanol preference than ipsilaterally-lesioned rats ( Fig. 5b ; significant interaction of lesion condition and week, F(2.3,48.7) = 3.9, p < 0.05; significant main effect of week, F(2.3,48.7) = 7.4, p < 0.00. Simple effect analysis demonstrated significance from week 6 through week 8, p < 0.01 for all comparisons). Total fluid intake (ethanol plus water) did not differ between the two groups ( Fig. 5c ; no significant interaction of lesion condition and week, F(2.4,50.8) = 0.7, p = 0.54 and no significant main effect of lesion, F(1,21) = 0.5, p = 0.5).
Finally, there were no statistically significant differences in body weight or food intake over the duration of IEA, comparing ipsi-and contralaterally-lesioned rats (data not shown; body weight, no significant interaction of lesion condition and week, F(1.5,32.1) = 0.3, p = 0.67, no significant main effect of lesion condition, F(1,21) = 0.08, p = 0.77 but main effect of week, F(1.5,32.1) = 169.9, p < 0.0001; food intake, no significant interaction of lesion condition and week, F(2.8,59.9) = 1.8, p = 0.16; and no significant main effect of lesion condition, F(1,21) = 0.01, p = 0.9 but main effect of week, F (2.8,59.9) = 3, p < 0.05).
Effects of LH-LHb disconnection on taste preferences
We evaluated taste preference in LH-LHb lesioned rats to investigate whether taste preference influenced ethanol intake in the IEA paradigm. Quinine preference decreased for both groups with increasing quinine concentration ( Fig. 6a ; significant main effect of quinine concentration, F(3.1,65.2) = 82.2, p < 0.0001). Lesion condition did not affect quinine preference (no significant interaction of lesion condition and quinine concentration, F(3.1,65.2) = 1.3, p = 0.26; no significant main effect of lesion condition, F(1,21) = 1.5, p = 0.23). Saccharin preference increased with increasing saccharin concentration for both groups, but again lesion condition had no effect on saccharin preference ( Fig. 6b ; significant main effect of saccharin concentration, F (3.6,75.9) = 126.2, p < 0.0001; no significant interaction of lesion condition and saccharin concentration, F(3.6,75.9) = 0.68, p = 0.59; and no significant main effect of lesion condition, F(1,21) = 0.1, p = 0.75). Rats with ipsilateral vs. contralateral LH-LHb lesions did not differ in the number of lever presses performed ( Fig. 7a ; t = −0.83, p = 0.21) or in the amount of ethanol consumed (1.6 ± 0.27 ml for ipsi and 2.2 ± 0.56 ml for contra) during operant self-administration, or in the rate of extinction of this response ( Fig. 7b ; main effect of extinction session, F(2,42.7) = 21.7, p < 0.0001; no significant effect of lesion condition, F(1,21) = 0.2, p = 0.67; no significant interaction of lesion condition and extinction session, F(2,42.7) = 0.2, p = 0.81). In addition, we tested yohimbine-induced reinstatement of ethanol selfadministration. Both the ipsi-and contralaterally-lesioned rats showed yohimbine-induced reinstatement of lever pressing ( Fig. 7c ; significant main effect of treatment, F(1,21) = 15.1, p < 0.001). The magnitude of reinstatement did not differ between the two groups (no significant main effect of lesion condition, F(1,21) = 0.07, p = 0.79; no significant interaction of lesion condition and treatment, F(1,21) = 0.2; p = 0.62).
Effects of LH-LHb disconnection on ethanol-induced CTA
Ethanol injection conditioned a robust aversion to saccharin in both ipsi-and contralaterally-lesioned rats ( Fig. 8 ; significant main effect of ethanol treatment, F(1,18) = 46.6, p < 0.0001; significant main effect of trial, F(9.3,167.5) = 17.8, p < 0.0001; significant interaction of ethanol treatment and trial, F(9.3,167.5) = 23.3, p < 0.0001). There was no difference between groups in conditioning or extinction of CTA ( Fig. 8 ; no significant main effect of lesion condition, F(1,18) = 0.6, p = 0.46; no significant interaction of ethanol treatment and lesion condition, F(1,18) = 0.4, p = 0.55; no significant interaction of trial and lesion condition, F(9.3,167.5) = 0.5, p = 0.85; no significant 3-way interaction, F(9.3,167.5) = 0.9, p = 0.54).
Effects of VP-LHb disconnection on intermittent ethanol access, operant ethanol-self-administration, extinction of ethanol-self-administration, yohimbine-induced reinstatement of ethanol self-administration and taste preference (Experiment 4)
During IEA, rats with ipsilateral and contralateral VP-LHb lesions progressively increased ethanol intake ( Fig. 9a; significant effect of week, F(2.9,55) = 17.7, p < 0.0001). However, there was no difference between the lesion groups (Fig. 9a , no significant main effect of lesion condition, F(1,19) = 0.3, p = 0.57; no significant interaction of lesion condition and week F(2.9,55) = 0.4, p = 0.74).
There were no statistically significant differences between the ipsiand contralaterally-lesioned groups in the number of lever presses made during operant ethanol self-administration ( Fig. 9b ; t = −0.2, p = 0.85), the rate of extinction of ethanol self-administration ( Fig. 9c ; significant main effect of extinction session, F(2.5,48.3) = 10.8, p < 0.0001; no significant main effect of lesion condition, F (1,19) = 0.03, p = 0.86; no significant interaction of lesion condition and extinction session, F(2.5,48.3 = 0.7, p = 0.5) or yohimbine-induced reinstatement of ethanol self-administration ( Fig. 9d; significant  main effect of treatment, F(1,17) = 10.6, p < 0.005; no significant 
Discussion
The LHb plays an important role in voluntary ethanol consumption, operant ethanol self-administration and yohimbine-induced reinstatement of ethanol self-administration [4] . However, afferents to the LHb needed to mediate these effects is not fully understood. In the present study, we therefore first examined the effects of lesion of the SM, the major afferent bundle carrying LHb inputs, on ethanol-directed behaviors. We found that lesion of the SM resulted in a significant increase in voluntary ethanol consumption in the IEA paradigm, suggesting that one or more inputs to LHb are important in regulating this behavior. Further, there was a marginal interaction of SM lesion and week on body weight, but no significant effects with simple effect analysis. Since there was no difference in food intake between sham and SM-lesioned rats, it is possible that SM-lesioned rats utilize the calories derived from ethanol more than sham-lesioned rats given that the former group had higher ethanol consumption [49] . We next explored the role of the LH and VP, as both of these brain regions provide major afferents to the LHb and have been implicated in regulating appetitive and consummatory behaviors. We found that disconnection of the LH-LHb projection increased voluntary ethanol intake without altering operant ethanol self-administration, or yohimbine-induced reinstatement of ethanol self-administration. Further, LH-LHb disconnection had no effect on taste preference or CTA, suggesting that alterations to neither taste nor aversion learning account for the increased consumption of ethanol by these animals. Disconnection of the VP-LHb did not alter any of the ethanol-directed behaviors. Thus, the LH provides important afferent information to the LHb in regulating voluntary ethanol intake, whereas the VP does not appear to.
Effects of disconnection of the LH-LHb projection on ethanol-related behaviors
Our results show that contralaterally-lesioned rats drank more ethanol and had a higher ethanol preference in the IEA paradigm than did ipsilaterally-lesioned rats in the LH-LHb group (Fig. 5a and b) . In agreement, a recent study reported that optogenetic inhibition of the LH-LHb projection resulted in an increase in consumption of a palatable calorically dense liquid, indicative of a role of this projection in consummatory behaviors [21] . Further, previous experiments have shown that the LH plays a crucial role in voluntary ethanol intake. For example, DA and opioid transmission in the LH have been shown to regulate ethanol consumption [18, 19] . Interestingly, the role of the LH in ethanol intake reported in these studies differs from that observed in our study. These studies showed that pharmacological [18, 19] modulations of LH acutely altered ethanol consumption. However, our results indicate that the effect of disconnection of the LH-LHb pathway on ethanol intake emerges over time, rather than being an acute effect, suggestive of a learning mechanism. We have previously reported a C. Sheth et al. Behavioural Brain Research 328 (2017) 195-208 similar pattern of increased escalation of ethanol intake over time after LHb lesions [4] ; the present results suggest that afferents from the LH may be particularly important in mediating this learned behavior. We previously showed that LHb lesion results in both escalation of voluntary ethanol intake and attenuation of ethanol-induced aversive conditioning in a CTA paradigm [4] . Further, a recent study showed that optogenetic stimulation of glutamatergic neurons in the LH projecting to the LHb is aversive and produces conditioned-place avoidance [21] , suggesting that the LHb might have also have a role in conditioned behavior more generally. Thus, we speculated that reduced ethanol-induced aversion learning may contribute to increased voluntary ethanol intake. However, the present findings show that disconnection of the LH-LHb pathway did not alter CTA (Fig. 8) , suggesting that a different mechanism may contribute to escalation of voluntary ethanol intake. The nature of this mechanism, however, is presently unclear. The LH plays an important role in consummatory behavior and maintenance of body weight. However, ipsi-and contralaterally-lesioned rats had very similar standard chow intake and weights during IEA, suggesting that increased ethanol intake in the contralaterally-lesioned group was independent of general effects on consummatory behavior. A speculative possibility is that altered anxiety levels may have contributed to differences in ethanol intake. The LH and LHb both play important roles in regulating anxiety, although a specific role for the LH-LHb projection in regulating anxietyrelated behaviors has not been established [8, 50, 51] . Given that anxiety is an important factor in controlling ethanol intake [52, 53] , it is possible that disconnection of the LH-LHb pathway alters anxiety levels, which then increases ethanol intake over time.
Disconnection of the LH-LHb pathway had no consequences on operant ethanol self-administration, extinction of ethanol self-administration, or yohimbine-induced reinstatement of ethanol self-administration. These results were surprising in light of evidence demonstrating a broad role for the LH in learning about and responding to rewardassociated stimuli, including ethanol [54, 55] . Specifically, the LH is required for context-induced reinstatement of extinguished ethanol selfadministration, as well as reinstatement of ethanol self-administration after punishment-imposed abstinence from ethanol intake [54, 56] . Further, the projection from the nucleus accumbens shell to the LH is critical in extinction of ethanol self-administration [17] . There are two important differences between our current study and the previous literature that may account for the divergent results. First, our study used chronic lesions as opposed to the acute pharmacological manipulations used by the previous studies [17, 54, 56] . Second, previous studies selectively looked at the effects of LH manipulation on ethanolrelated behaviors, whereas our study looks specifically at the LH-LHb projection in ethanol-related behaviors. It is possible that LH mediates effects on extinction and reinstatement of ethanol self-administration through efferent targets other than the LHb [17] . Together, these studies suggest that although the LH is crucial for operant ethanoldirected behaviors, it does not mediate these effects through the LHb.
The results of our c-Fos study also support the idea that while the LH may be important for yohimbine-induced reinstatement, the LHb does not mediate its effects. Here, we found that the LHb projection neurons from the LH were not recruited by yohimbine injection (i.e. they did not express c-Fos), in line with the failure of LH-LHb disconnection to affect yohimbine-induced reinstatement in the current study. However, we demonstrated that total c-Fos was increased in LH following yohimbine, suggesting that the LH is responsive to yohimbine (and thus possibly also involved in reinstatement), but that the direct outputs of the LH are independent of LHb. These findings confirm earlier studies wherein the LH and a range of other forebrain structures involved in stress-related responses express c-Fos following exposure to yohimbine [57] [58] [59] . To our knowledge this is the first time the VP has been investigated, and we found that it was not significantly recruited by yohimbine.
It was surprising that while the LH-LHb disconnection escalates voluntary ethanol consumption it fails to have an effect on ethanol selfadministration. Along similar lines, we have shown that lesion of the rostromedial tegmental nucleus (RMTg, a major efferent target of the LHb) increases voluntary ethanol consumption but does not affect ethanol self-administration [41] . One possible mechanism for these observations is that distinct neural circuits underlie voluntary intake and operant self-administration, and that the LHb is a node in both circuits, but the LH (and RMTg) are only nodes of the circuit underlying voluntary intake [41] . We note that there is a precedent for a dissociation of the neuromodulatory signals underlying consummatory vs. appetitive behaviors, with opioidergic and dopaminergic signaling, respectively, thought to contribute to these two types of behaviors [60] .
Effects of disconnection of the VP-LHb projection on ethanol-related behaviors
In addition to the LH-LHb projection, we investigated the role of the VP-LHb projection in ethanol-directed behaviors, because of strong evidence that reward-related signals can be relayed to the LHb via inhibitory inputs from the VP [15] . This finding, coupled with results supporting the role of opioid transmission in the VP in mediating ethanol reward [24] and its involvement in reinstatement of drugseeking [26, 27] , made the VP a good candidate for mediating the effects of the LHb on ethanol-directed behaviors. However, we found that the disconnection of the VP-LHb projection produced no significant alterations in voluntary ethanol consumption, operant ethanol-selfadministration, extinction of ethanol self-administration or yohimbineinduced reinstatement. In agreement with no effect of VP-LHb disconnection on yohimbine-induced reinstatement, we reported lack of CTb and c-Fos double-labeled neurons in the VP following yohimbine injection.
Afferent inputs to the LHb mediating ethanol-directed behaviors
As noted above, we have previously shown that the LHb mediates multiple facets of ethanol-related behaviors, including voluntary ethanol consumption, operant ethanol self-administration, yohimbine-induced reinstatement of ethanol self-administration and ethanol-induced CTA [4] . In the present study, we show that disconnection of the LHLHb increases voluntary ethanol consumption, suggesting a critical role for this input to the LHb in controlling ethanol intake. On the other hand, the input from the VP to the LHb does not seem to be crucial in this regard.
Our results show that disconnection of the LH-LHb and VP-LHb projections do not cause significant changes in operant ethanol selfadministration and yohimbine-induced reinstatement of ethanol selfadministration, nor are these pathways recruited by exposure to yohimbine. These results contrast with those produced by lesions of the LHb, which increase operant ethanol self-administration and block yohimbine-induced reinstatement of ethanol self-administration [4] . These results suggest that LH and VP afferents to the LHb are not necessary for mediating these behaviors. With regard to operant ethanol self-administration, it is possible that the input from the ventral tegmental area (VTA) to the LHb is crucial, given that this input provides both reward-and aversion-related signals to the LHb [61, 62] and that the VTA has been previously implicated in ethanol selfadministration [63, 64] . A potential afferent candidate for mediating effects of the LHb on yohimbine-induced reinstatement is the bed nucleus of the stria terminalis (BNST) [65] , given its role in yohimbineinduced reinstatement of cocaine self-administration and stress-induced behaviors [65, 66] . Future studies should investigate the role of other major afferents to the LHb in regulating ethanol self-administration and yohimbine-induced reinstatement of ethanol self-administration.
Methodological considerations
The current study relies heavily on lesion techniques. While most of C. Sheth et al. Behavioural Brain Research 328 (2017) 195-208 the lesions were well-targeted, some damage to the surrounding areas could not be avoided. For instance, in SM lesions, it is possible that cell loss extended ventrally into regions of the thalamus, including the anterior paraventricular nucleus of thalamus (aPVT) and the mediodorsal thalamus (MDT). aPVT has been shown to be involved in voluntary ethanol consumption [67] . Further, the MDT plays a crucial role in learning, specifically action-outcome associations and has been implicated in the transition from goal-directed to habitual reward seeking [68, 69] . Thus it is possible that cell loss in the aPVT and MDT may have contributed to the effects of the SM lesions on voluntary ethanol consumption in the IEA paradigm. Interestingly, PVT lesions cause significantly more weight gain as compared to controls [70] , which may have contributed to the marginal effect of SM lesion on weight gain. For the LH and VP disconnection, lesions were targeted within each structure to an area of maximum CTb retrograde labeling to the LHb. With regard to the LH, greater CTb retrograde labeling was observed in the anterior versus the posterior half of the LH, in agreement with a previous retrograde tracer study [21] . Our lesions targeted the anterior LH for most cases, while the posterior portion of the LH was relatively preserved (i.e. from approximately −3.24 mm to −4.36 mm from bregma). Therefore, it is not clear whether the posterior portion of LH also acts via LHb to regulate ethanol intake. The LH contains intermingled groups of neurons that differ in their projections and density across the LH, and subserve different motivational functions [71] . For example, the neurons that produce orexin, a neuropeptide attributed a special role in reward seeking, are located in the anterior sub-region of the LH [72] . Functional differences have been identified across the anterior-posterior extent of LH in early sleep studies [73, 74] , but to our knowledge this has not been systematically investigated for reward-related function. In any case, disconnection of the LH from LHb in the current study increased ethanol intake demonstrating the importance of the LH to LHb projection in reward seeking.
With regard to the VP, CTb labeling was most dense in the medial part of VP, corresponding with the ventral medial VP (vmVP) and, consistent with previous tracing studies [75] (see [76] for description of subdivisions of VP). While there was some damage to surrounding structures such as lateral preoptic area, substantia innominata that also project to the LHb, we did not observe significant effects of our disconnection on ethanol-directed behaviors, suggesting that the VP is not necessary for mediating LHb effects on these behaviors. However, our lesions were centered on vmVP and dorsal latral VP (dlVP) leaving other subregions of the VP partly preserved, including the lateral part of the posteriorly located ventral lateral VP (vlVP) and the rostral pole of VP (rVP) so we cannot rule out these sub-divisions acting via LHb to regulate ethanol behaviors. Although the targeted vmVP and dlVP have well established roles in drug-administration, further investigation is required to determine whether the rVP or vlVP share similar roles [76] . Of interest, is that while lesions and GABA-related activation and inactivation, on feeding and liking reactions are consistent across these sub-regions of the VP, differences are revealed when opioid receptor agonists are used [77] [78] [79] . Specifically, DAMGO administered to anterior VP decreases liking reactions and decreases self-stimulation of LH (termed the 'disgust generating zone'), while DAMGO into posterior VP increases liking reactions and increases self-stimulation of LH (termed the 'hedonic hotspot') [79, 80] . Thus, chemical disconnection of the VP from LHb using DAMGO may reveal a role for the VPLHb pathway in ethanol-related behaviors.
Conclusions
This study used SM lesions to demonstrate that afferent input to the LHb is required to mediate LHb effects on ethanol-directed behavior. Using a disconnection approach, we showed that LH is one of the relevant inputs and that VP is not relevant for mediating LHb effects on ethanol-related behaviors. Further investigation is required to determine whether other LHb afferents may also play a role. Finally, it was shown that disconnection of LH from LHb did not affect taste preference or CTA, suggesting these are not the mechanisms underlying escalated intake of ethanol observed in the LH-LHb disconnected rats. Future studies are required to examine the exact mechanism underlying this phenomenon.
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